In particular, SSJ/REMPI/TOF-MS has the potential for use in the on-line analysis of trace samples emitted from an incinerator. [6] [7] [8] [9] In SSJ spectrometry, it is difficult to maintain a high vacuum, since a large quantity of the diluent gas expands into the vacuum. However, a flight tube that can be evacuated to below 10 -4 Pa is desirable, in order to avoid ion-molecule collisions which decrease the sensitivity. For this reason, the vacuum chamber is usually separated into two or three parts, which are evacuated independently using a differential pump system, and the analyte molecule is designed so as to be transmitted through a skimmer having a small diameter. In addition, the flight tube is frequently longer than 1 m, in order to increase the mass resolution. Therefore, it is difficult to reduce the size of SSJ/REMPI/TOF-MS.
Zimmermann et al. reported on the on-line measurement of chlorobenzene, a surrogate for evaluating the toxicity equivalent (TEQ) value. 10 However, the correlation coefficient between chlorobenzene and the TEQ value is limited to 0.82. 10 Monitoring the concentration of polychlorinated dioxin/dibenzofuran (PCDD/F) has been proposed, since the correlation coefficient for this molecule is larger than 0.99. Due to short excited-state lifetimes of PCDD/F, the use of a picosecond tunable laser is desirable for trace analysis. 11 Unfortunately, PCDD/F are present at extremely low concentrations in a flue gas. As a result, a compact as well as sensitive analytical instrument is required for the trace analysis of PCDD/F for evaluation of the TEQ value.
In this study, we describe the design and construction of a new type of mass spectrometer consisting of a vacuum chamber that can be evacuated using a single turbo molecular pump equipped with a rotary pump. An assembly of electrodes for ion acceleration and focusing was designed for better ion transmission. 12 The configuration of the ion acceleration electrodes and the potentials applied to these electrodes were optimized. Figure 1 shows an experimental apparatus developed for use in this study. The vacuum chamber is evacuated by a turbo molecular pump (Ulvac, UTM-500M) equipped with a rotary pump (Ulvac, VD301). The background pressure was 5 × 10 -4 Pa, when the pulse valve (General Valve, GV9-279-900, 200 µs) was closed. A detailed description of the ring-repeller, double-skimmer electrode assembly for efficient ion focusing has been reported elsewhere. 12 The ions are efficiently collected by the extraction electrode, and ion defocusing is then reduced using an einzel lens. The ion trajectory was calculated using SIMION software, so as to be focused tightly. However, the ions were focused more loosely, probably due to the space charge effect. The diameter of the skimmer was then expanded to 30 mm in this study, to prevent tight ion beam focusing and to avoid space charge effects. For this reason, it is difficult to A new type of compact supersonic jet/resonance-enhanced multiphoton ionization/time-of-flight mass spectrometer is described. The analytical instrument, consisting of a single turbo molecular pump equipped with a rotary pump, was maintained at < 2 × 10 -3 Pa when a 0.3-atm sample was injected into a vacuum at 10-Hz using a 200-µs pulse valve. The diameters of the extraction and ground skimmer electrodes were expanded to 30 mm in order to avoid strong focusing and defocusing of the ion, and the optimum conditions for the system were investigated. The mass spectrometer functioned as expected: (1) no defocusing of the ion beam was observed even when the potential of the einzel lens was adjusted to zero; (2) the direction of the ion beam to an assembly of microchannel plates deviated in the expected manner when the potential of the defection electrode was changed from 0 to 30 V. use a small, e.g., 1-mm size, skimmer for the separation of the ionization chamber and the flight tube. The total system was evacuated using a single pump system, which is also useful in terms of reducing the dimensions of the instrument.
Experimental
The sample gas was prepared using a standard gas generator (Gastec, Permeater). The sample, diluted with argon, was introduced from a pulse nozzle (General Valve, 009-0637-900) into the ionization region of the mass spectrometer. The analyte molecule was ionized using an optical parametric oscillator (Spectra Physics, . The recorded mass spectra were averaged 200 times using a digital oscilloscope (LeCroy, 9360).
Results and Discussion
Performance of the analytical instrument developed herein was evaluated using chlorobenzene.
The procedure for the measurement of the mass spectrum is described in detail in Part II. Figure 2 shows the relationship between the signal intensity and the nozzle pressure (stagnation pressure in the pulse nozzle). The signal intensity is at a maximum at around 0.3 atm, which agrees well with previously reported data. 13, 14 On the other hand, the background pressure decreases gradually with decreasing nozzle pressure, reaching 10 -3 Pa at a nozzle pressure of 0.2 atm. A sufficiently low background pressure, e.g., 10 -3 Pa, is desirable for reducing collisions between the ion and the background gas. The experiment is best performed under compromised conditions that provide a smaller number of collisions and, as a result, a sufficiently large signal. Figure 3 shows the relationship between signal intensity and the background pressure.
Background pressure and signal intensity
The signal intensity increases constantly with decreasing background pressure and collisions between ions and the background gas are not completely negligible. However, the value extrapolated to zero background pressure suggests that the signal intensity can only be increased by a factor of (27/23) = 1.2 at sufficiently low background pressure. The calculated mean free path of argon is 2 m at 10 -2 Pa, which is not sufficiently longer than the flight tube length of 57 cm. This again suggests that the effect of collisions is small but is not completely negligible. Figure 4 shows the effect of the electric potential applied to 380 ANALYTICAL SCIENCES MARCH 2003, VOL. 19 Fig. 1 Compact mass spectrometer. The vacuum chamber is evacuated using a single pump system consisting of a turbo molecular pump and a rotary pump. the extraction electrode on ion signal intensity. The potential applied to the repeller electrode was changed as noted in the figure caption. As shown in Fig. 4 , the intensity of the ion signal was strongly affected by the potential applied to the extraction electrode. The maximum signal was obtained under conditions at which the ratio of the extraction and repeller electrodes is 0.7. The maximum value increases with increasing potential, and, therefore, a higher potential would be desirable for achieving a more sensitive detection of ions, although it is limited to ca. 1 kV by the thickness of the insulator between the nozzle and the repeller used in this study. Figure 5 shows the effect of the electric potential applied to the extraction electrode on mass resolution. The maximum resolution is obtained again at the potential at which the ratio of the potentials for the extraction and repeller electrodes is 0.7. A mass resolution of 250 was achieved in this study. This value is slightly superior to that obtained in previous experiments. 12 The diameters of the skimmers for the extraction and ground electrodes were expanded from 10 mm to 30 mm, and, as a result, the ions are not tightly focused and travel nearly in parallel in the flight tube. This is favorable for improving the mass resolution, since the difference in the distance that the ion travels to the detector can be minimal.
Electric potentials applied to electrodes

Mass resolution
Electrode configuration
The effect of the distance between the repeller and extraction electrodes was investigated. The effects of the potential applied to the extraction electrode on the ion signal and mass resolution are shown in Figs. 6 and 7 , respectively. The optimum value is shifted to lower potentials, with increasing distance between the repeller and extraction electrodes. However, the maximum value remains nearly unchanged. It should be noted that the gradient of the potential is almost the same in both the cases. It is, at present, difficult to explain the reason why optimum conditions can be obtained at the same gradient of potential. This issue should be investigated further using the SIMION software program.
Einzel lens
The detectability of ions did not change substantially when a high voltage of up to 300 V was applied to the einzel lens, when the potentials of the repeller and the extraction electrodes were adjusted to be optimal. This suggests that the ions travel nearly in parallel toward the detector. On the other hand, the ion beam was correctly focused by the einzel lens under unoptimized conditions, e.g., at a repeller electrode of 1000 V and at an extraction electrode of 300 V. Under these unfavorable conditions, defocusing of the ions could be suppressed by application of a potential to the einzel lens. The ion signal obtained at the optimum potentials for the repeller electrode (1000 V), the extraction electrode (700 V), and the einzel lens (0 V), was much larger than those obtained under non-optimum conditions. These results suggest that the einzel lens, as designed using the SIMION software, functions efficiently.
Ion defection
The ion trajectory was clearly altered when a potential was applied to the deflection electrode. In fact, the ion signal decreased to 0 when the potential was increased to 30 V. This suggests that the ion beam was deflected completely out of the detector. This demonstrates that the ion beam can be directed toward the detector even when the detector is not mounted at the centerline of the flight tube. It should be noted that the deterioration of the detector, which may be caused by collisions of neutral (expansion) gas molecules, is unavoidable in the present configuration but can be reduced using an off-axis mounting of the detector. Of course, a reflectron type TOF-MS may be also useful for the present purpose, although the sensitivity might be substantially reduced.
Conclusions
The construction of an SSJ/REMPI/TOF-MS having a largeaperture skimmer-type electrode assembly, in which the vacuum chamber was evacuated using a single pump system, is described. The mass resolution achieved was 250, slightly better than the values obtained using our previous instruments. The collision of ions with background gas molecules was not completely but sufficiently suppressed in the present study. The electrode assembly functioned as expected, and the ions traveled by nearly parallel paths toward the detector, making the einzel lens unnecessary. Moreover, the ion beam could be deflected by application of a potential to a deflector electrode. This technique is useful in reducing possible deterioration of the detector by collisions of neutral gas molecules and to improve the mass resolution by modification of the system to the reflection type TOF-MS.
382
ANALYTICAL SCIENCES MARCH 2003, VOL. 19 
